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Introduction
Over the past decade there has been a great
increase
in the use of x-ray microanalysis
in
botanical
research,
accompanied
by investigations of preparative
and analytical
techniques.
Broadly speaking,
there are four major areas
where the use of x-ray microanalysis
is particularly
prevalent
in botany:
studies
of the effects of salinity
and pollutants
on plants,
and
examinations
of silicon
distribtuions
and the
elemental
compositions
of protein
bodies and
seeds. This review will detail
work in all of
these fields,
together
with other miscellaneous
applications.
The use of x-ray microanalysis
to
examine both the distributions
of elements
within plants
and to evaluate
histochemical
and cytochemical
techniques
will be considered.
The
review does not aim to present
a comprehensive
listing
of applications
of x-ray microanalysis
in plant research,
rather
a critical
indication
of major areas of research
and interesting
individual
studies.
Finally,
special
problems
posed by botanical
samples as regards
preparation and analysis
and the interpretation
of results will be discussed.
The last review of this
subject
in this series
was by Spurr (1980). The
field
of plants
as foods and the effects
of
processing
plant materials
in the food industry
are not included.

The applications
of x-ray microanalysis
in
botanical
research
are reviewed,
and the special
problems posed in the preparation
and analysis
of botanical
specimens and in the interpretation
of results
discussed.
There are four main areas
of research
employing x-ray microanalysis:
1. effects
of salinity
on plants:
examination
of
ion distributions
in leaves and roots of both
salt-tolerant
and salt-sensitive
higher plants
and salt-tolerant
algae and fungi;
2. effects
of pollutants
on plants:
localization
of heavy metals,
particularly
Pb, Cd, and Al, in
algae,
lichens
and higher plants;
3. distributions
of silicon
in higher plants:
silica
distribution
in roots and shoots,
and
medical implications
of silica
in caryopses
of
grasses;
use of monosilicic
acid as a water
tracer;
4. elemental
compositions
of seeds and protein
bodies:
elemental
contents
of seed protein
bodof
ies from a variety
of species,
and effects
Fe)+ on germination.
A number of miscellaneous
applications
of x-ray
microanalysis
are also discussed,
including:
1. evaluation
and development
of preparation
and
analysis
techniques;
2. lower plants:
dinoflagellates,
fungi,
algae;
3. roots:
ion uptake and
transport;
and 4. shoots:
elemental
distributions,
chloroplasts,
stomata,
pulvini.

The Effects

of Salinity

on Plants

Determination
of the effects
of salinity
on
ion distributions
is probably
currently
the
greatest
single
application
of x-ray microanalysis in plant research.
The topic was last partly
reviewed in this series
by Harvey (1983). In
this context
x-ray microanalysis
is now most
often used to localize
water-soluble
ions,
especially
Na+, K+ and Cl-, although
it has also
been extensively
used to assess
the validities
of techniques
designed
to precipitate
these ions
(Table 1). Broadly speaking,
studies
examining
subcellular
ion distributions
use freeze-substitution
as a preparative
technique
because thin
sections
for transmission
electron
microscopy
are required
to provide
the necessary
degree of
analytical
spatial
resolution,
whereas ion distributions
in whole cells are studied
using
frozen hydrated
or freeze-dried
samples.

KEY WORDS: X-ray microanalysis-botany,
salinity
tolerance,
pollution,
silicon,
seed protein
bodies, technique
development,
algae,
fungi,
roots,
shoots.
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Table

Ion

1. Validities

Precipitation

2
of Ion Precipitation
Techniques for Na+, K+, Ca +, and Cl
Microanalysis
of Plant Tissues
Reagent

Na+

zinc

uranyl

acetate

sodium tetraphenyl
boron
Ca2 +
Cl

Comment

by X-ray

References

usually

not specific

Harvey et al.,
1979; Shimony et al.,
1973; Tandler et al.,
1970; Van Iren et
al.,
1979; Van Steveninck
et al.,
1976

K+ also

precipitated

Harvey and Kent,

specific

for K+

not

specific

usually
AgNO (or CH COO
or cttCH(OH)t00)
3

Determined

for

K+

not specific

Harvey et al.,
al.,
1981

1979;

Van Steveninck

Van Steveninck

and Van Steveninck,

et
1981

Stockwell and Hanchey, 1982; Trachtenberg
and Mayer, 1982; Van Iren et al.,
1979

specific
in all
except one case (Van
Steveninck
et al.,
1976a)

The tolerance
of halophytes
to salinity
is
correlated
with their abitity
to ~ccumulate
high concentrations
of Na and Cl in their
leaves;
this is in contrast
to non-halophytes,
which when grown under saline
conditions,
attempt to severely
restrict
admission of Na+ and
Cl- to their shoots.
Therefore,
¼twas i~portant to determine
the sites
of Na and Cl localization
in the leaves of halophytes
and nonhalophytes
grown under saline
conditions.
In
the leaf mesophyll iells
of_the halophyte
Suaeda mari tima, Na and Cl were compartmented
mostly in the central
cell vacuoles,
and partly
in the cell walls and chloroplasts
(Harvey et
al.,
1981). This agrees with our concepts of
halophytic
salinity
tolerance
derived from biochemical studies
and other localization
techniques (Flowers et al.,
1977; Harvey, 1983). However, Waisel and Eshel (1971) had found that in
the leaf mesophyll cells of the halophyte
Suaeda monoica Forssk.,
Na+ and Cl- did not appear to be accumulated
into the vacuole:
this
may reflect
movements of these ions to the
nearest
membrane during freeze-drying
together
with an analytical
spatial
resolution
that did
not permit clear distinction
between the contents of the cytoplasm and adjacent
cell walls
and vacuole.
A similar
criticism
may be made of
subcellular
ion localizations
reported
in
Potamo eton lucens (Ramati et al.,
1973) and
Panicum repens
Ramati et al.,
1979).
When grown in the presence of 340 rnol m-3
NaCl, the cytoplasmic
Na+ and K+ concentrations
in Suaeda rnaritima lea£ mesophyll were 70-150
mol m-3 and~ 30 mol m 3 respectively
(Harvey
et al.,
1981). Although this may be surprising
in view of the idea that cytoplasmic
K+_ oncentrations
are unifor~ly
around 100 rnol m 3 in
eukaryote
cells
(Wyn Jones et al.,
1981),

1981

Harvey et al.,
1976a; 1979; Lauchli et
al.,
1974; Smith et al.,
1982; Thomson
and Platt-Aloia,
1982; Van Steveninck
and
Chenoweth, 1972; Van Steveninck
et al.,
1976a; 1976b; 1976d

recent experiments
on the in vitro
ionic require,ents
for protein
synthesis
have shown that
Na may replace
the function
of K+ in this context in Suaeda maritima
(D. Dalmond pers.colllll.).
Gorham and W~n Jones (1983) found that the mean
of the K+/Na ratios
was 1.6 in the cytoplasm
(including
chloroplasts
and nuclei)
of slightly
vacuolated
leaf meristematic
cells in Suaeda
maritirna,
indicating
the retention
of Na away
from these cells.
A similar
result
was obtained
by Storey et al. (1983a; 1983b) for undifferentiated cells in the leaves and roots of Atriplex
spongiosa
grown in the presence
of up to 600 mol
m-3 NaCl. However, measurements
made by these
authors
in the vacuoles of these cells and in
the cytoplasm of mature highly vacuolate
cells
are compromised since the size of these compartments will have been significantly
smaller
than
the volumes of the bulk specimens analysed.
The ion concentrations
measured in the
chloroplasts
of Suaeda maritima grown in the
presence
of 340 mol m-3 (Na+ ~ 257, Cl- ~ 212
mol m- 3 ; Harvey et al.,
1981) correlate
well
with the finding
that over the measured range of
3
0-680 mol m- NaCl, concentrations
of NaCl of
over 100 mol m- 3 were needed for more than 50%
of the maximum measured activity
of photosynthetic
oxygen evolution
by isolated
chloroplasts
(Hajibagheri
et al.,
1984).
In addition
to the differences
in ion localization
patterns
observed between the individual leaf mesophyll cells
in Suaeda maritima
(Harvey et al.,
1981) and those found in the
leaf cells of Potamogeton lucens,
an aquat~c
plant,
grown in the ~resence
of 100 mol m- NaCl
(Ramati et al.,
1973), other variations
have
been found which are more easily
explicable
in
terms of leaf anatomy and physiology.
Eshel and
Waisel (1979) observed that Na+ was
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studied
the effects
of growth in the presence
of 50 mol m- 3 NaCl on ion distributions
in the
leaf cell vacuoles of Lupinus luteus and found
that in the epidermis and sub-epidermis
phosphorus is used to balance the cations
in the vacuole, while sulphur was used in the spongy mesophyll,
inner parenchyma and petiole.
Two recent papers (Harvey and Thorpe,
1986; Seeman and Critchley,
1985) have shown
that in salt-sensitive
plants
(Triticum
aestivum and Phaseolus vulgaris),
Na+ and Clacquired
by the shoots ~der moderately
saline
conditions
(~ 150 mol 11 ) are not adequately
compartmented away from the cytoplasm and chloroplasts.
In addition
to the effects
on cytoplasmic and chloroplast
biochemistry,
the presence of high ion concentrations
in the cell
walls would have adverse effects
on cell water
relations
(Harvey and Thorpe, 1986; Seeman and
Critchley,
1985).
Much of the evidence on the regulation
of
ion uptake and transport
by plant roots under
saline
conditions
derives
from studies
using
bulk frozen-hydrated
specimens.
In saline
growth conditions,
halophytes
need to acquire
ions (principally
Na+ and Cl-) for osmotic adjustment as well as for other nutrient
requirements and to distribute
them all according
to
metabolic
requirements
(Flowers et al.,
1977).
In saline growth environments
Na+ and Cl- usually greatly
outnumber the other ions present,
including
K+, which has important
biochemical
and osmotic roles (Wyn Jones et al.,
1981). The
available
evidence indicates
that in halophytes
growing at high salinities
a major regulation
of ion concentrations
occurs during radial
transport
across the root. The precise
mechanisms involved may vary according
to the plant.
In Puccinellia
peisonis,
the inner cortical
cells and the endodermis are probably responsible for one step regulating
Na+ and K+ levels
entering
the shoot (Stelzer
and Lauchli,
1978).
Approximately
10 mm behind the root apex the
outer cortical
cells contained
high Na+ and Cl
levels
but litt1~
K+ (the culture
m~3i~ contained 100 mil m 3 NaCl and 6 mol m K
the
levels
of Na , and to a lesser
extent Cl , decreased across the cortex,
while those of K+
increased,
until
the stelar
cells contained
little
or no Na+.
In the more salt-tolerant
dicotyledonous
halophytes
so far examined, a first
regulation
of ion levels
appears to occur in the epidermal
or outer cortical
root cells.
Kramer et al.
(1978) observed that in Atriplex
hastata
grown
at external
concentrations
of up to 400 mol
m- 3 , the ratio of Na+:K+ in the epidermal
cells
was lower than in the culture
solution.
Thereafter
the epidermal,
cortical
and endodermal
celis showed similar
patterns
of ion levels
(Na and Cl- higher than K+), although
the relative K+ content of the stelar
cells was
higher.
Taking previous
electro~otential
measurements (Anderson et al.,
1977) into account,
Kramer et al. (1978) concluded that the K+
levels
were increased
by selective
upta~e at
the epidermis.
A similar
decrease
in Na :K+
ratio
from the culture
solution
to the epidermis, together
with a decreasing
Na+:K+ ratio

preferentially
accumulated
in the outer chlorenchyma and epidermis
of the leaves of Suaeda
monoica grown in the presence
of 100 1101 m-3
NaCl, whereas Cl- was found mostly in the inner
chlorenchyma
and water tissue.
The differences
in ion distributions
could be correlated
with
anatomical
and biochemical
differences
between
these cell types (Shomer-Ilan
and Waisel, 1973),
and it was considered
that Na+ and Cl- may have
positive
regulatory
effects
in photosynthesis
(Eshel and Waisel, 1979). Na levels
were lower
in the chloroplast-rich
epidermis
than in the
underlying
cell layers
in the seagrasses
Halophila
stipulacea
and Halodule uninervis
grown in seawater
(Beer et al.,
1980). It was
thought that these grasses
have adapted to their
environments
by maintaining
relatively
low ion
concentrations
in the epidermis,
where photosynthesis
occurs,
and having carbon-fixing
enzymes
which can function
reasonably
well in the presence of these NaCl concentrations
(Beer et ai.,
1980). Weber et al. (1977) found that Na+, K
and Cl- levels
were highest
in the spongy mesophyll cells
in the leaves of Salicornia
pacifica,
lower in the palisade
cells,
and lowest in the vascular
tissue.
In this species
the
vascular
tissue
remained alive while the other
tissues
died with increasing
salt concentrations.
Ion precipitation
techniques
have often
been used to study ion distributions
in salt
glands (see Harvey, 1983), but the use of x-ray
microanalysis~
is much rarer.
Using
freeze-dried
S{orobolus
arenarius
leaf samples,
Ramati et al.
1976) measured the ion contents
of the mesophyll cells and the basal and cap
cells
of the salt glands,
and concluded that the
active mechanism of salt secretion
in this species is located
within the gland itself
rather
than in the surrounding
tissue,
and that both
cells participate
in it.
In Puccinellia
peisonis,
a monocotyledonous
halophyte,
which grows ~ owly at external
salinities
a~ove ~ 200 mol m , Stelzer
(1981) found
that Na was preferentially
accumulated
in the
bundle sheath cells
in the leaves,
with displacement of K_~.Howiver,
at external
salinities
of
~ 160 mol 11
, Na
was found in all cell types
in the leaf,
suggesting
that the bundle sheath
cells may be a site of limited
further
regulation of Na+ entry into the mesophyll cells.
(The
first
regulation
occurs in the roots,
Stelzer
and Lauchli,
1978).
In the past five years a number of interesting reports
on the effects
of salinity
on nonhalophytes
have been published.
Trifolium
alexandrinum
is a moderately
salt-tolerant
nonhalophyte
in which intraveinal
recycling,
allowing retranslocation
of Na+ out of young leaves,
is partially
responsible
for its degree of tolerance (Winter and Presto3,
1982). When grown in
the presence
of 50 mol 11- NaCl, Na+:K+ ratios
of~ 4 were found in increasing
numbers of
phloem parenchyma cells and decreasing
numbers of
xylem parenchyma cells between 10 and 16 days;
this was probably due to both the increased
influx of Ni+ into the veins and the retranslocation of Na from xylem to phloem (Winter and
Preston,
1982). Van Steveninck
et al. (1982b)

3

2;
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across the root cortex to the stele,
was observed by Storey et al. (1983b) in Atriplex
spongiosa.
The root epidermal
cells of Avicennia
marina g~own in artificial
sea water also showed
an Na+:K ratio less then that of the culture
medium, while Cl levels
decreased
gradually
radially
inwards across the root (Kramer and
Preston,
1978).
In Plantago coronopus Harvey et al. (1986)
found that discrete
reciprocal
changes in Na+/K+
levels
occurred at the outer-middle
cortex,
the
endodermis and the xylem vessels.
The first
two
of these changes were associated
with changes in
the levels
of Mg, and the last with changes in
Ca levels.
These findings
were interpreted
in
terms of the involvement
of two ion pumps, whose
existence
had previously
been inferred
from
electropotential
measurements
(de Boer et al.,
1983): the outer pump was postulated
to be "nonhalophytic"
and that at the xylem parenchyma/
vessel intirface
to be "halophytic",
i.e.,+to
promote Na transport
to the vessels
and K absorption
therefrom.
Sensitivity
to salinity
in non-halophytes
is generally
associated
with the inability
to
tolerate
high NaCl concentrations
in their
shoots,
and therefore
tie roots_must
play a major role in excluding Na and Cl as well as providing other ions for osmotic adjustment
and
biochemical
processes
to the shoot. A number of
non-halophytes
(Phaseolus
coccineus,
Kramer et
al.,
1977; Phaseolus vulgaris,
Lauchli,
1976;
Zea mays, Yeo et al.,
1977b) grow~ in moderately
3
saline
conditions
(~ 50-1 0 mol m _) may prevent
unacceptable
levels
of Na (and Cl ) arising
in
the shoots and iicrease
K+ levels _therein by reabsorption
of Na (and possibly
Cl ) from the
vessels
into the xylem parenchyma in exchange
for K+ in the proximal root regions.
This interpretation
is supported
by a comparative
study
with the more salt-tolerant
Hordeum vulgare.
Whtn grown in the presence of 150 mol m-3 NaCl,
Na was essentially
restricted
to the root epidermis and outer iortex
i~ the proximal root
region,
whereas K and Cl were more evenly distributed
acrosi
the root radius.
There was no
evidence of Na /K+ exchange at the xylem parenchyma/vesiel
interface:
the parench~a
contained high K levels and negligible
Na levels
(Yeo
et al.,
1977a). Van Steveninck
et al. (1982c)
studied
ion distributions
in the leaf and root
cells
of Lupinus luteus grown in the presence or
absence of 50 mol m-3 NaCl. In the salt-grown
roots there was an inwardly decreasing
gradient
of Na+ and Cl- levels
from the epidermis,
although the inner cortical
cells adjacent
to the
endodermis/pericycle
had higher levels
of Na ;
Cl- appeared to be excluded from the vacuoles of
the inner cortical
cells
(Van Steveninck
et al.,
1982a). Considerable
variations
were found between the vacuolar
contents
of adjacent
cells,
and it was therefore
considered
that it was not
justified
to imply uniformity
of vacuolar
contents when samples were obtained
by pooling the
contents
of several
adjacent
cells
(Van
Steveninck
et al.,
1982c). Comparison of ion
contents
with the more salt-sensitive
Lupinus
angustifolius
led to the conclusiin
that Lupinus
luteus restricted
the entry of Na and Cl to

the shoot less efficiently
than Lupinus
angustifolius
but presumably compartmented
these
ions more effectively
in the leaves (Van
Steveninck
et al.,
1982a).
Since sensitivity
to salinity
is correlated
with inability
to adequately
compartment ions
within the shoot (Harvey and Thorpe, 1986;
Seeman and Critchley,
1985), it is interesting
to note that in freeze-substituted
sections
of
the root cortical
cells of Zea mays, the majority of Na+ and Cl- ions (from a medium containing 100 mol m- 3 NaCl) are found in the vacuoles,
while the mean =~toplasmic
K+ concentration
is
around 79 mol m , although
there are considerable variations
between cells
(Harvey, 1985).
This relatively
better
compartmental
ability
may
arise because the root cortical
cells are more
directly
exposed to the vicissitudes
of the
growth medium than those of the shoot, and so
are better
adapted to deal with high NaCl concentrations.
Wardle et al. (1981) measured K+:Na+ ratios
in the stomata!
complexes of cauliflower
lea~ s
from plants
grown in the presence
of 8 mol m 3
NaCl. For any given external
NaCl concentration,
the K+:Na+ ratio was greatest
in those plants
grown from seeds in vermiculite,
less in those
from seeds grown under tissue
culture
conditions, and least
in those plantlets
regenerated
by apical meristem culture
(Wardle et al.,
1981). Unfortunately,
the sample size was so
small as to make any conclusions
drawn rather
tentative.
In frozen hydrated
samples of the intertidal alga Porphyra umbilicalis,
Na+ was preferentially
localized
in the vacuole,
Cl- in the
vacuole and plastids,
and K+ in the cytoplasm
and plastids:
these results
agree with those
predicted
from preliminary
enzyme activation
studies
using this alga (Wieneke et al.,
1983).
Galpin et al. (1978) compared results
obtained
from freeze-dried
and frozen hydrated
samples of
hyphae of Dendryphiella
salina,
and concluded
that ion relocation
occurred
during freeze-drying. K+ levels
in the frozen hydrated
specimens
increased
in the region of the hyphae 1-150 pm
behind the apex, and then decreased
in the older
region;
Na+ levels
were lower in the region 1150 )1Ill behind the apex and remained so in the
older region.
Galpin et al. (1978) therefore
concluded that the growing apex is less able to
discriminate
against
Na+ and in favour of K+
than the region 1-150 pm behind the apex.

4

The Effects

of Pollutants

on Plants

This area of research
is likely
to assume
considerable
importance
in the immediate future,
although
to date only a few studies
have been
carried
out, mostly on the effects
of heavy metals. Due to this and the diversities
of the species and pollutants
examined, it is not possible
to provide a coherent picture
of the ways in
which x-ray microanalysis
has increased
our
knowledge in this field,
as it was for salinity
research.
Where the effects
of only one heavy metal
are investigated,
x-ray microanalysis
is used to
confirm the identity
of deposits
seen by
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improve upon the use of chemical fixation
methods by precipitating
Cd prior to fixation.
They
met with only limited
success:
previous
studies
of precipitation
techniques
in general had
shown that they often do not significantly
prevent migration
of water-soluble
ions during
preparation
(Harvey et al.,
1979; Van
Steveninck
and Chenoweth, 1972). Within the
limitations
of their methodology,
they concluded that Cd was also accumulated
mainly in the
walls of Zea mays root cells grown in the presence of up to 400)-lM CdCl , probably by binding
to those ion exchange sit~s on pectic residues
which would also bind Ca.
In fact,
the degree of tolerance
to a particular
metal may be partially
a function
of
the degree of chelation
of the metal ion in the
cell walls (Thurman, 1981). (Fucus vesiculosus
is more tolerant
to Cd than Zea mays (Khan et
al.,
1984). Since marine algae accumulate
various metal ions from their environment,
in a
way which presumably reflects
the external
concentrations
of these ions, they have been suggested for use as pollution
indicators
(Lignell
et al.,
1982; Pedersen et al.,
1981), assuming
that internal
ion concentrations
can be determined and related
to the external
concentrations.
Lichens can acquire high concentrations
of
heavy metals in excess of their biological
requirements
and, therefore,
form very interesting study objects.
Garty et al. (1979) examined
the elemental
composition
of particles
from
metallic
fall-out
accumulated
in the lichen
Caloplaca aurantia
by scanning x-ray microanalysis of fractured
lichen samples and transmission x-ray microanalysis
of fixed sections.
The
problems associated
with preparation
by chemical fixation
have already
been discussed.
The
main difficulty
in preparing
particulate
matter
for scanning electron
microscopy lies in ensuring that it remains in place during specimen
handling and examination.
In this study, particles of comparable elemental
compositions to the
pollutants
were found lodging in the large intercellular
spaces in the medulla.
There was no
evidence of the uptake of metal ions from these
particles
into the cells of either
the algal or
fungal components of the lichen
(Garty et al.,
1979).
A few papers have examined the effects
of
Al on higher plants
(Huett and Menary, 1980;
Matsumoto et al.,
1976a; 1976b; hasmussen,
1968). Using freeze-substituted
sections
fr~m
pea roots grown in the presence of 1 mol mAlCl for one day, Matsumoto et al. (1976a)
found that apart from regions of the root where
the cells
were not actively
dividing,
the Al
was localized
mainly in the root epidermis.
Rasmussen (1968) obtained a similar
result
using Zea mays roots.
Matsumoto et al. (1976a)
did not say which solveat
they used for their
substitution
technique:
a careful
choice is
needed since aluminium compounds will probably
not be as insoluble
in non-polar
molecule sol~
vents as those of, e.g.,
group 1 metals.

transmission
electron
microscopy;
where more
than one metal is studied,
it is used to distinguish between them and determine
their differing
locations.
In some cases,
where the heavy metal(s)
is present
in the form of water-insoluble
salts
or molecules,
specimen preparation
can be
considerably
simplified
by the use of conventional chemical fixation
and dehydration
techniques.
In a particularly
good study, where losses
of Pb from tissue
segments were determined
during preparation
to check the likelihood
of migration,
Sharpe and Denny (1976) found that Pb
supplied
at goncentrations
of up to 1 x 10 3
parts per 10 to the aquatic
angiosperm
Potamogeton pectinatus
was accumulated
mainly in
the walls of the leaf cells
(probably
bound according to Donnan equilibria).
Although the plasmalemma appeared to act as a barrier,
some Pb
may have been conveyed to the cytoplasm in pinocytotic
vesicles.
At the highest
external
concentrations
it was also observed in the chloroplasts.
Following prolonged
exposure to traffic
exhaust,
Pb was found in the cell walls,
chloroplasts,
vesicles,
plasmodesmata,
tonoplasts,
and
nuclear
membranes of thallus
cells of the bryophyte Rytidiadelphus
sguarrosus
(Ophus and
GullvRg, 1974; Skaar et al.,
1973).
Following conventional
chemical fixation
and dehydration,
Lignell
et al. (1982) found
that Cd and other metals,
such as Fe, absorbed
from the polluted
sea water habitat
were localized mostly in the physodes (presumably
bound to
polyphenols)
and cell walls (presumably
bound to
polysaccharides)
of the outer cell layers
in the
seaweed Fucus vesiculosus
L. Although this pattern of localization
appears to agree with previous theories
on the localization
of heavy metals in brown algae (Skipnes et al.,
1975), it
may be flawed since the authors
concede that
some of the metals may be lost during preparation, so that probably only those firmly bound
are left
(Lignell
et al.,
1982). This may also
mean that some of them are redistributed
to
sites
such as the physodes,
where they become
bound during preparation.
These problems were
more fully considered
by Pedersen et al. (1981),
who examined the distributions
of metal ions
(Cd, Al, Ti, Mn, Fe, Ni, Cu, Zn) in a number of
algae (green, bro1m and red) and diatoms from
polluted
and unpolluted
marine environments.
They used air dried whole specimens and conventionally
fixed sections,
but suggested
that cryotechniques
would be more suitable
for subcellular localization
studies,
since the most generally important
sites
of metal ion accumulation
were the cell walls (the frustule
in diatoms),
from whence they can be relatively
easily
lost
during fixation.
The same is true for the polyphosphate
bodies in the cytoplasm,
which complex
metal ions to different
extents
(which are affected by fixation),
but not apparently
for the
binding of Zn and Cd (and other metal ions) to
polyphenols
in the physodes in Fucus vesiculosus
(Pedersen
et al.,
1981).
Khan et al. (1984) considered
that Cd is
much more mobile within higher plant tissues
than might be expected
from comparisons
with
other heavy metals (e,g.,Pb),
and attempted
to
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Silicon

in Higher

and several
x-ray microanalytical
investigations
have demonstrated
the presence
of silicon
in deposits
found in endodermal cell walls and occasionally
at other sites
within the roots
(Table
2). In plants
belonging
to the tribe
Andropogoneae
the silica
deposits
in the endodermal cell walls are unlike those found in the
other listed
species,
being conical aggregates
projecting
from the inner tangential
wall
(Sangster,
1977; 1978a; 1978b; 1983a; 1983b;
1985). Summarizing results
to date, Parry et al.
(1984) thought that in rice,
sorghum, bamboo and
those temperate
cereals
(e,g.,
barley,
wheat,
oats, rye) where deposition
in the roots is confined to the endodermis
(Table 2), silica
deposition may be phylogenetically
determined.
Silica
deposits
were not observed in the roots of five
cultivars
of Zea mays (Bennett and Sangster,
1982), Phragmites
australis
(Sangster,
1983a),
Phragmites
communis (Sangster,
1978b) and one
wheat cultivar
(Bennett,
1982b), although
it is
accumulated
in other parts of the plant body in
all three genera (Bennett and Parry,
1980; 1981;
Bennett and Sangster,
1982; Kaufman et al.,
1985; Lanning and Eleuterius,
1985; Lanning et
al.,
1980; Lau et al.,
1978).
A number of recent investigations
have examined the deposition
of silicon
in the caryopses (grains)
of grass species and the implications for human health.
In foxtail
millet,
silica
is deposited
as a granular
layer external
to the
aleurone
cell wall (Hodson and Parry,
1982), in
the inflorescence
bracts
(particularly
the papillae
on their outer surfaces)
(Parry and
Hodson, 1982), and in the macrohairs
covering
the inflorescence
branches
(Hodson et al.,
1982). The inhabitants
of Lin Xian, Henan

Plants

Silicon
is deposited
in the tissues
of
plants,
particularly
grasses.
Over the
decade a series
of papers,
principally
two or three groups of authors,
have detsilicon
localization
in a variety
of speand plant organs. The topic has been recreviewed from the physiological
and medviewpoints
by Parry et al. (1984).
Silicon
is taken up and translocated
within higher plants as monosilicic
acid and deposited as amorphous silica
gel; this process is
apparently
irreversible
and the silicon
is immobile once deposited
(Parry et al.,
1984).
This means that specimens for the examination
of silicon
deposits
can be prepared by conventional chemical fixation
and dehydration
methods
with the expectation
that any monosilicic
acid
will thus be leached from the specimen and not
preferentially
redistributed
to the sites
of
the deposited
silicon.
However, the production
of sections
containing
silica
deposits
for
transmission
x-ray microanalysis
is sometimes
difficult
because the deposits
tend to fall
out, leaving only holes behind (Hodson et al.,
1984). Accordingly,
freeze-dried
bulk specimens
and scanning x-ray microanalysis
are often used
to attribute
Si to subcellular
compartments
smaller than the analysed volume (e.g.,
Sangster,
1977). This practice
relies
on the
correlation
of the presence of an element, not
otherwise
found in large amounts, to the appearance of visually
discernible
deposits.
The endodermis apparently
forms the major
barrier
to the movement of monosilicic
acid across the roots of grasses
(Parry et al.,
1984),
many
past
from
ailed
cies
ently
ical

Table

2. Silica

distribution

in Roots
analysis.

Species

and Rhizomes of Grasses and Cereals
Redrawn from Parry et al. (1984)

Location

Andropogon

gerardii,

scoparius

officinarum

aggregates
in inner
walls of endodermis

endodermal cell
inner tangential)

tangential

cell

walls

(largely

inner
walls

Triticum
sativum

all four
cells

1

aestivum,
Hordeum
Avena sativa

Triticum aestivum
Zea mays
Phragmites
Phragmites

(one cultivar)

tangential
and radial
of endodermis
cell

walls

no distributional

australis
communis
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cell

of endodermal
pattern

Sangster,

1977;

Sangster,
Sangster,

1983b;
1978b;

Parry

Sorghum bicolor
Sasa palmata

by X-ray

Micro-

References

in Root

Miscanthus
sacchariflorus
Sorghastrum nutans
Saccharum

determined

and Kelso,

1978a
1985
1983a
1977

Sangster

and Parry,

Bennett
1981

and Sangster,

Bennett,

1982b

Bennett,
1982b
Bennett and Sangster,
1982
Sangster,
1983a
Sangster,
1978b

1976

Microanalysis
province,
China eat a persimmon cake made with
millet
to which the bracts
(which can contain up
to 2<::1/o
silica
on a dry weight basis)
adhere,
and
this may be correlated
with the high incidence
of oesophageal
cancer in this region (Parry and
Hodson, 1982). The epicarp hairs present
on the
mature caryopses
of barley,
wheat oat and rye
contain silicon
along their lengths,
but mostly
in the extreme tips (Bennett and Parry, 1981).
Parry et al. (1984) found that the same was true
for wheat, and using transverse
sections
and
scanning transmission
x-ray microanalysis,
showed that silicon
deposition
occurred in the tips
of the hairs before inflorescence
emergence.
Within a week of emergence silicon
is deposited
in a thin layer on the outer edge of the wall of
the rest of the hair (Parry et al.,
1984). The
epicarp hairs in these species may form a defence against
pests (Bennett and Parry, 1981) or
sequester
excess silicon
away from the developing grain (Parry et al.,
1984).
The pattern
of silica
deposition
in canary
grass was similar
to that in foxtail
millet
and
wheat: in canary grass it occurs in the glumes,
glume macrohairs,
prickle
hairs and papillae
before emergence, but mainly after
emergence in
the lemma macrohairs,
where it is again found as
a thin layer along the length of the hair
(Hodson et al.,
1984; 1985; Sangster
et al.,
1983a). Silicon
distribution
has also been examined in mature lemma macrohairs
of Phalaris
canariensis
(Newman and Mackay, 1983). In north
east Iran, the locally
produced bread was found
to contain large numbers of fine hairs,
derived
mostly from the inflorescence
bracts
of this
weed. Again this may be correlated
with a high
incidence
of oesophageal
cancer in the region
(Sangster
et al.,
1983b). The precise
mechanisms
by which silicon
is deposited
are still
debateable (Hodson et al.,
1984; Parry et al.,
1984).
There have been a few studies
of silicon
distribution
in shoots;
Bennett (1982a) found
that silica
was deposited
in the cell lumina of
epidermal
sclerenchyma
cells
in barley leaf
tips.
Lau et al. (1978) found that silica
was
concentrated
in the stomata!
guard cells,
silica
cells,
and outer tangential
walls of long epidermal cells
in the epidermal
layers of the lamina in Phragmites
australis.
Since both epidermal surfaces
of the sheath are also highly silicified,
these authors postulated
that silica
provides
a support for the shoot, protects
the
plant against
predators
and water loss, and
might facilitate
the passage of light
through
the epidermis
to the photosynthetic
mesophyll
(Lau et al.,
1978). However, Kaufman et al.
(1985) discounted
this last idea after
examining
silica
distribution
in a number of grasses
and
testing
light
transmission
through silica
bodies
in silica
cells and bulliform
cells.
Srinivasan
et al. (1979) have related
silica
distribution
in Eguisetum hyemale to the sheet's
geotropic
response:
the intercalary
meristem at the base
of the internode
of the young shoot, which is
the site of the negative
geotropic
response,
contains
very little
silicon
when compared to
the upper part of the same internode.
In a well conceived study Aston and Jones
(1976) examined the pathways of transpiration

in Botany
from leaves of Avena sterilis
using monosilicic
acid as a water tracer.
Afte 6 growth in the
presence of 310 parts per 10 monosilicic
acid,
they processed
leaf samples by freeze-substitution and cut sections
dry. Their observations
agree with previous
studies
of silica
distribution made with Avena: significant
concentrations were found in mature guard cells and subsidiary
cells,
silica
cells,
and in the walls
of specialized
epidermal
cells above the veins
(Hayward and Parry, 1973; Kaufman et al.,
1972). As well as demonstrating
the usefulness
of monosilicic
acid as a water tracer,
Aston
and Jones (1976) found evidence among their
results
to support the concept of peristomatal
transpiration
and the existence
of lateral
water pathways in the epidermis,
but not to support the idea that the cuticle
extends onto all
inner surfaces
of the leaf.
Lanning and Eleuterius
(1983; 1985) have
used x-ray microanalysis
to estimate
Si levels
in the shoots of a number of wetland and marsh
species as a form of environmental
monitoring:
the discharge
of domestic sewage into an estuary would be likely
to raise the levels
of N
and Pin
the wetland soils,
which would in turn
decrease
the silica
contents
of the plants
growing therein.
Elemental

Compositions

of Seeds and Protein
Bodies

In a long series
of papers (Table 3),
Buttrose,
Lott and colleagues
have examined the
elemental
compositions
of protein
bodies using
freeze-dried
and chemically
fixed specimens.
Lott et al. (1978b) studied
the effects
of fixation on the observed elemental
contents
in
protein
bodies from a variety
of species.
Comparison of results
for Cucurbita maxima with
those obtained by Lott (1975) and Lott et al.
(1978a) indicated
that significant
elemental
losses occurred during fixation,
and Lott et
al. (1978b) recommended the use of freeze-dried
powders as a control
for losses during preparation.
This is not entirely
satisfactory
since
migrations
into or out of the microvolume analysed in a chemically
fixed specimen, which
would particularly
affect
comparisons
of relative elemental
concentrations,
would not be detected by the analysis
of a powder prepared
from
the whole specimen.
The elements K, Mg, Ca, and Pare
usually
found in the globoid crystals
of protein
bodies
from the species
listed
in Table 3. Buttrose
(1978) also found Mn and Fe in those of oat and
Casuarina,
and Hofsten (1973) Na in those of
Crambe abyssinica.
Lott and Buttrose
(1978a)
additionaly
found Ba in globoid crystals
of
Brazil nut, and S has also been found in those
of squash (Lott,
1975), cashew (Buttrose
and
Lott, 1978a), and macadamia nut and walnut
(Lott and Buttrose,
1978b). The topic of mineral stores in seeds has been recently
reviewed
by Lott (1984).
Spitzer
et al. (1981) studied
the effects
of growth in soil treated
with sewage sludge on
the elemental
composition
of protein
bodies in
wheat seed, and found that the globoid crystals

959

Diana M. R. Harvey
Table

3. X-ray Microanalysis

Species

Investigations

of the Elemental

or Grouping

Compositions

Hofsten,

Cucurbita

maxima

Lott,

Cucurbita

mixta,

moschata,

Casuarina

foetidissima,

annuus, Helichrysum
Pistacia
vera

Eucalyptus

erythrocorys,

dulcis,

Various

andreana

bracteatum,

excelsa,

Anarcardium

chinensis
Santalum

acuminatum

of fixation)

Legumes
Astragalus

bisculatus,

Lycopersicon

Oxytropis

lambertii

esculentum

Lott

Lott

et al.,

and Vollmer,

1979b

Buttrose

and Lott,

1978a

Buttrose

and Lott,

1978b

Lott

and Buttrose,

1978a

Lott

and Buttrose,

1978b

Lott

and Buttrose,

1978c

Lott

and Vollmer,

Spitzer

and Lott,

Spitzer

et al.,

bursa-pastoria,

Triticum

aestivum

Lott
al.,

and Spitzer,
1981

Ricinus

communis

Lott

et al.,

Eucalyptus

esculentum

seeds
maculata,

Spitzer
erythrocorys

1979a
1980
1980
1980;

Spitzer

et

and Lott,

1982
1983

studies
of preparation
techniques.
Investigating
the cerium chloride
method for cytochemical
localization
of glycolate
oxidase in leaf cell peroxisomes in a variety
of species,
Kausch et al.
(1983) verified
that the electron
dense deposits
found in the peroxisomes
did contain Ce. However, according
to reaction
conditions,
Ce-containing
deposits
were also found in the cell
walls,
chloroplasts
and hoop-shaped
structures
in the cytoplasm,
perhaps signifying
the presence of endogenous H 0.
2
Sigee and Kearns {1982) developed a method
for the preparation
of a monolayer of single
cells for quantitative
x-ray microanalysis,
which avoids the problems of mounting cryosections on non-metal
grids.
A monolayer of cells,
prepared on top of a thin layer of gelatin
covering a square of resin,
is freeze-dried
and embedded in degassed Spurr's
(1969) resin,
which
is polymerised
during inversion
onto a polypropylene surface.
Using this method, the authors
demonstrated
that high levels
of Ca and transition metals could be detected
in the chromatin
of
Prorocentrum
micans (Sigee and Kearns, 1982).
Neumann and Janossy (1980) found that Na, Ca,
Cl, Sand P could be retained
in model systems
made from filter
paper during preparation
by
freeze-substitution;
unfortunately
their study

5

Miscellaneous

1979

1982

White and Lott,

showed no tendency to accumulate
toxic metals
from the sludge,
i.e.,
the mineral storage
system in wheat is very specific
despite
varying
soil conditions.
The same appears to be true
for globoid crystals
in Capsella
and
Lycopersicon
seeds grown in soil from a roadside
site contaminated
with Fe (Spitzer
et al.,
1980). Felipe and V~vo (1983) used histochemical
precipitation
of Fe+ followed by freeze-substitution
to study the inhibition
of germin~tion
of pea seeds by incubation
with various Fe+
salts.
When he ieds were soaked in up to 500
parts per 10 Fe 3 as chloride,
sulphate
or citrate,
Fe was found mainly in the cell walls and
plastids,
where it may prevent the hydrolysis
of
starch
to provide energy for germination
(Felipe
and Vivo, 1983).

1978a;

1978

Capsella

Umbelliferous

Lycopersicon

1973

1975;

Buttrose,

Simmondsia

Bertholletia

(effects

~.

species

Helianthus
occidentale,

Prunus

Bodies

References

Crambe abyssinica

Avena sativa,

of Seed Protein

applications

Many applications
of x-ray microanalysis
using botanical
material
have been concerned
mainly or exclusively
with the evaluation
and
development of preparation
and analysis
techniques,
rather
than with the specimens per se.
Apart from investigations
of precipitation
techniques
listed
under the Effects
of ~alinity
on Plants
(Table 1), there are a number of other

960

Microanalysis
of the effects
of giberellic
acid in a dwarf
maize mutant used sections
prepared by this method which were then cut onto water, so that
their
resu1ts
may ha:i:e been in error.
Spurr
(1972) found that Na was not retained
in sections of freeze-substituted
Lycopersicon
esculentum. leaf segments which had been sectioned onto water; the addition
of binzamide to the
substitution
solvent improved Na retention,
although the use of precipitation
or chelation
agents during preparation
may itself
result
in
small ion migrations
(Van Steveninck
and
Chenoweth, 1972).
In a series
of papers Echlin et al. (1980;
1981; 1982) have evaluated
and optimized
conditions for the analysis
of frozen hydrated
bulk
specimens by scanning x-ray microanalysis
using
Lemna minor root meristems.
They detail
procedures for cryoprotection,
freezing,
transfer
of
frozen specimens to the microscope,
coating and
analysis,
as well as discussing
data presentation and calculating
the lateral
and depth spat~
ial resolutions
of their analyses.
Saubermann
and Echlin (1975) described
the preparation
of
frozen hydrated
sections
for scanning transmission x-ray microanalysis
from a number of tissues, including
pea root meristem.
Hess et al.
(1975) investigated
the effects
of specimen topography on detected
x-ray signal,
and concluded
that they could be reduced by mounting the detector so that there is a large take-off
angle
(~ goo).
In addition
to the examination
of the effects of salinity
(Galpin et al.,
1978; Wieneke
et al.,
1983), x-ray microanalysis
has been used
to study a number of other facets
of the physiology of lower plants.
The association
of Ca
and period IV transition
metals (Mn, Fe, Ni, Cu,
and Zn) with nuclear
chromatin has been investigated in a number of dinoflagellates
(Prorocentrum
micans, Amphidinium carterae,
Peridium faroense,
and Ceratium hirundinella,
Kearns and Sigee, 1980; Glenodium foliaceum,
Sigee and Kearns, 1981; Prorocentrum
micans,
Sigee and Kearns, 1982). In a model study,
Kearns and Sigee (1980) compared results
from
frozen and conventionally
fixed sections
to demonstrate
that the presence of these elements in
chromatin in the fixed sections
was not a preparation
artefact.
The vegetative
cells of
Glenodium foliaceum are binucleate;
the dinocaryotic nucleus
(which resembles
the typical
dinoflagellate
nucleus in mononucleate
dinoflagellates and similarly
contains
high local mass
fractions
of the period IV elements)
has an
equivalence
of one metal atom to two P atoms
(Kearns and Sigee, 1980; Sigee and Kearns,
1981). The second, supernumerary,
nucleus is
structurally
different,
does not contain Ni and
Fe, and differs
in the proportion
of the other
metals to P; this may reflect
the phylogenetic
origin
of the nucleus from an endosymbiont
(Sigee and Kearns, 1981).
There have been relatively
few investigations of fungi.
Using freeze-dried
sections
of
both samples and standards
of salts
in a gelatin/glycerol
matrix and scanning transmission
xray microanalysis,
Roomans and Seveus (1976) determined the concentrations
of ions in the
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cytoplasm,
nucleus and vacuoles of the yeast
Saccharomyces
cerevisiae.
Subject to the limitations
of freeze-drying
as a preparative
procedure for the preservation
of ion distributions
in
vacuoles and the limited
number of their analyses, they found that the concentrations
of K+
(or Rb+ or Cs+) in the nucleus were approximately equal to those in the cytoplasm;
those in the
vacuole were lower. This agrees with generally
accepted
ideas about the compartmentation
of K+
between the vacuoles and cytoplasm of eukaryote
cells and suggests
that the ions may be in electrochemical
equilibrium
across the nuclear membrane (Roomans and Seveus, 1976). Roomans and
Boekestein
(1978) examined Na+ and K+ distributions in Neurospora crassa hyphae using freezedried bulk specimens and standards.
They found
that there was no significant
gradient
in the
concentration
of these ions between the hyphal
tip and the mature part of the hyphae, and that
their local concentrations
accorded with the
hypothesis
that these ions are passively
distributed
across the plasmalemma at the tip. Kunoh
and Ishizaki
(1980) analysed air-dried
conidia
and conidiophores
of Erysiphe graminis hordei
and found that they contained
Mg, Si, P, s, K,
and Ca apparently
homogeneously distributed,
although the technique
of air-drying
is more likely to allow ion migration
than cryotechniques.
These last two studies
produced results
in conflict
with those of Galpin et al. (1978), and
may reflect
the use of freeze-dried,
rather
than
frozen hydrated,
specimens (Galpin et al.,
1978).
Doonan et al. (1979) investigated
the contents of the polyphosphate
bodies in
Aureobasidium
pullulans,
the principal
fungus
causing defacement of painted surfaces.
Using a
thin film of air-dried
cells,
they found that
after
treatment
with phenyl mercuric acetate
(which is used to control mildew growth),
the
polyphosphate
bodies were divisible
into three
types: 59% of them contained
high P levels,
18%
high K levels,
and 23% were rich in Mg; in the
controls
the polyphosphate
bodies contained
P,
K, Mg, and S. Examining the relationships
be~
ween the parasite,
Thesium humifusum, and its
host, Galium arenarium,
Renaudin et al. (1981)
used uncoated freeze-dried
samples analysed by
scanning x-ray microanalysis.
Levels of K, Ca,
Cl, P, S, and Si were higher in the parasite
than its host, and the authors
speculated
on the
mechanism of solute transfer
between the two. In
an interesting
study of the effects
of lichens
on weathering
rock forming minerals,
Jones et
al. (1981) examined both the lichens
and encrusted rocks by scanning x-ray microanalysis,
and concluded that the observed effects
may be
due to a number of processes,
most probably including the action of acids,
which chelate
metal
cations
from the rock surface.
Steudle et al. (1978) checked the possibility that any Ca present
in the statoliths
of
Chara rhizoids
was masked during x-ray microanalysis
by the presence of Ba. Using standards
of
known composition
prepared fl"om algal cell
walls,
they confirmed that Ba was the main cation present in the statoliths.
Using thin sections of conventionally
fixed Laminaria
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saccharina
thallus
and transmission
x-ray microanalysis,
Callow and Evans (1976) traced the
distribution
of S throughout
the Golgi bodies
and the secretory
cells,
and thus demonstrated
that it was likely
that the sulphation
of polysaccharides,
which are ultimately
found on the
thallus
surface,
occurs within the Golgi cisternae in the secretory
cells.
Crawford and Heap
(1978) used air dried samples of Scenedesmus
granulatus
and Siderocelis
minor and transmission x-ray microanalysis
to study Fe and Mn deposits in the cell walls,
where their
functions
seem obscure.
Pedersen et al. (1980) examined and reviewed the localization
of Br and I in a variety
of
marine red algae.
They used thin sections
of
conventionally
fixed material
since it had previously been shown that this method allowed retention of more than 98% of Br in tissues
during
preparation
(Young et al.,
1980). In members of
the family Rhodomelaceae,
Br was found in the
chloroplasts
of the epidermal
cells,
specific
cytoplasmic
inclusions,
the pit connections,
middle lamellae,
intercellular
spaces,
and cuticle.
This suggested
to the authors
(Pedersen et
al.,
1980) that Br is initially
accumulated
in
the cnloroplasts,
then in the cytoplasmic
inclusions, and transported
via the pit connection
to
the middle lamella and cuticle,
which removes
the Br on shedding.
However, in Chondrus
crispus,
a member of the Gigartinaceae,
the
highest
concentration
of Br was found in the chloroplasts
of the cortical
cells
(Pedersen et
al.,
1980), so this pathway would not seem to be
universal.
In addition
to the effects
of salinity,
a
number of papers have dealt with different
aspects of ion uptake and transport
ir. higher
plants.
Chino and Hidaka (1977) examined the
distributions
of K, Ca, Al, Fe, and Si in bulk
frozen hydrated samples of rice roots grown in
soil,
and found that unlike K, Ca and Fe were
mostly concentrated
in the epidermis
while Al
and Si were not found in significant
quantities
in the cortex,
endodermis or pericycle.
In a
similar
study of soybean and corn roots,
Chino
(1979) found that in the former Ca was again
found in the outer cell layers of the root and K
in the stele-cortex
boundary region;
in the latter, Ca was concentrated
at the endodermis,
but
not in the stele,
and K was equally concentrated in the endodermis and stele.
It was concluded, therefore,
that. the endodermis does not act
as a barrier
to Ca transport
in soybean, which
is known to easily
absorb and transport
Ca,
while the reverse
is true for corn (Chino,
1979). By investigation
of frozen hydrated
bulk
samples of barley roots grown in various
culture
solutions,
Pitman et al. (1981) showed that distinct
differences
in the ratio of Na+:K existed
between the vacuoles of the endodermal cells and
those of the adjacent
cortical
cells and between
those of the epidermis
and the underlying
cortical cells.
They confirmed the finding of Van
Steveninck
et al. (1982c) that there was variation between vacuolar
contents
of individual
cells
(Pitman et al.,
1981). The concept that
stelar
parenchyma iells
play an active
role in
the transport
of K to the vessels
was developed

partially
from x-ray microanalysis
of maize
roots (Lauchli et al.,
1971). Van Steveninck
et
al. (1976c) confirmed the presence
of La in
deposits
found in the cyto.plasm and nucleolus
of undifferentiated
barley root cells,
thereby
calling
into question
the role of La as an apoplastic
marker. Scheidecker
et al. (1981) examined K, Ca and P distributions
during development of tobacco roots:
Ca is initially
present
at the root periphery
and in the stele and later in the endodermis and the surrounding
cell
layers.
When the cambium begins to divide,
it.
accumulates
in the newly formed layers.
Two other studies
of roots are worth mentioning at this point.
Green and Etherington
(1977) used x-ray microanalysis
of chemically
fixed sections
to confirm that crystalline
deposits
found on the outer surface of rice roots
grown in deoxygenated
agar containing
Fe II
contained
Fe in the same manner as roots grown
in waterlogged
soil.
They suggested
that oxygen
diffusing
from the aerial
parts of the plant
could oxidize
the Fe II to Fe III and thence
precipitate
it, thus preventing
its uptake in
toxic quantities
by the roots (Green and
Etherington,
1977). Wei et al. (1981) relied
on
the S content of glucosinolates
to localize
them in the vacuoles of Sinapis alba root sections,
considering
that any redistribution
occurring
during drying would be more likely
to
result
in the glucosinolates
being precipitated
onto the film supporting
the sections
rather
than onto the tonoplast,
thereby not affecting
the elemental
distribution
observed by x-ray
microanalysis.
X-ray microanalysis
has been used to investigate
a wider variety
of systems in the
shoots of higher plants
than in the roots.
Elemental maps showing the distribution
of the essential
element,, Mn, in the leaves of a variety
of species
showed that in the absence of Mn
toxicity,
it was accumulated
in the epidermal
and mesophyll cells
(Memon et al.,
1981). Wu
and Thompson (1976) determined
the K, Mg, Ca,
P, S, and Cl contents
of dried leaf discs from
a variety
of vascular
plants inhabiting
Glacier
Bay, Alaska and correlated
them Y¼th determi~ations
of !~gars resulting
from
C-acetate
incubation:
C incorporation
into hexoses and
sucrose occurred in plants
where K levels
were
high (possibly
reflecting
K+ stimulation
of invertase
activity);
where K levels
were low incorporation
into hexose and another,unknown
reducing sugar occurred.
In an interesting
paper,
Matsumoto et al. (1976b) used x-ray microanalysis to localize
Al in the leaves of Camellia
sinensis,
which is an Al accumulating
plant.
Al
was found to be localized
in the upper and lower epidermis
of the mature leaves of plants
grown in soil,
but was absent from young leaves
(Matsumoto et al.,
1976b). Krause (1985) investigated
the effects
of foliar
application
of
the fungicide
Cu(0H) on Acer rubrum using
fresh and chemically 2 fixed,
critical
po.int
dried samples: unfortunately
the results
obtained are compromised by the possibilities
of
particle
redistribution
during preparation,
the
effects
of specimen topography on x-ray detection and the lack of a clear estimate
of the
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analytical
spatial
resolution
and the importance
of inhomogeneities
in the ion contents
within
individual
guard cells and between different
cells,
they concluded that ion accumulation
proceeded during the maintenance
of maximum stomatal aperture
(Laffray
et al. 1982). Their findings reinforce
the view of Mac Robbie (1980)
following
experiments
with K+ electrodes,
that
the observed K+ changes were not sufficiently
great to account for the osmotic changes found
in guard cells during opening.
In view of these
findings,
it is interesting
to note that Tal et
al. (1976) observed that the K+ and Na+ contents
of the guard cells of a wilty Capsicum mutant
were higher in both light and dark conditions
than those of a normal genotype,
so that they
tended to stay open in the dark+
The relationship
between K and movement in
pulvini
has also been investigated
by x-ray microanalysis,
In bulk frozen segments of Albizzia
.juli brissin
pul v~ni, it ~as found that an increase in both K and Cl levels
in the extensor
preceded the decrease in the flexor so that
there is not a direct
shuttle
of ions between
extensor and flexor;
the inner cortical
cells
may act as a reservoir
for these ions (Schrempf
et al.,
1976). Gorton and Satter
(1984) found
that isolated
flexor protoplasts
contained
similar concentrations
of P and S, but twice as
much Kand Cl, as extensor protoplasts
of open
pulvini of Samanea saman, although
their results
may have been influenced
by leakage during isolation of the cells.
Warley et al. (1985) used freeze-dried
cryosections
of cells from oil palm suspension
cultures
to determine
their Na, Mg, K, Ca, P,
and S contents
throughout
their growth cycle;
they considered
data from cells individually
as
well as mean values since their cell population
was heterogeneous.
They found that an increase
in Kand P observed in the pooled data was a
consequence of an increased
number of cells containing
high concentrations
of these elements
(Warley et al.,
1985). Echlin et al. (1982) had
also found high concentrations
of Kand Pin
rapidly
dividing
phloem parenchyma cells.
Chamel
and Bossy (1981) examined elemental
distributions in freeze-dried
samples from apple fruits
which were sound or suffering
from bitter
pit,
and found that in the three cultivars
tested Mg,
Ca and S were present
in higher concentrations
in the pitted
areas,
while K, Cl and P levels
were variable.

spatial
resolution
of analysis.
Botha et al.
(1982) used x-ray microanalysis
to confirm the
presence
of Fe in deposits
observed after
tr at2
ment of Themeda triandra
leaf slices
with Fe+
(which was then precipitated
with potassium
ferricyanide),
and concluded from their distribution that the suberin lamella in the bundle
sheath cell walls ~tfectively
inhibited
apoplastic movement of Fe
(and thence possibly
that
of water) across the bundle sheath/mesophyll
interface.
There are a number of investigations
specifically
concerning
chloroplasts.
Using dry cut
sections
of freeze-substituted
Zea mays leaf
segments,
Pallaghy
(1973) examined ion distributions in the iundle sheath and mesophyll cells.
The ratio
of K concentrations
between the vacuole and the chloroplasts
in the mesophyll cells
was significantly
higher in the light
than in
the dark; the opposite
was true foi the bundle
sheath cells.
Since the ratio
of K concentrations between the vacuoles of the mesophyll cells
and the bundle sheath cells was also higher in
the light
than in the dark, the author considered that there may be a shuttle
of ions between
the two cell types (Pallaghy,
1973). This careful study also presented
a Cl-free modification
of Spurr's
(1969) medium. Using similar
methodology, De Filipis
and Pallaghy
(1973) found
that in chloroplasts
in detached Elodea densa
leaves,
K, Cl and Ca contents
per chloroplast
decreased
in the light.
Neumann and Janossy
(1981) found that in leaves of intact
Nicotiana
rustica
plants
K, Fe, Cl, and S contents
measured per analysed
microvolume increased
in the
light.
These authors
suggested
that it was possible that the ion concentrations
per probed volume increased,
while due to volume changes,
the
ion levels
per chloroplast
decreased,
thus reconciling
the two sets of data (Neumann and
Janossy,
1981). However, the results
of Neumann
and Janossy may be quantitatively
in error since
they sectioned
their
freeze-substituted
sections
onto water. Sprey et al. (1976; 1977) found that
during light-dependent
etioplast-chloroplast
development in the cotyledons
of Nicotiana
clevelandii
x Nicotiana
glutinosa,
a decrease
in
the Fe and P contents
in the electron
dense
stroma inclusions
can be partially
correlated
to
the process of thylakoid
formation.
Platt-Aloia
et al. (1983) observed that on supplying
Fe to
sugar beet plants grown in the absence of Fe,
aggregates
of phytoferritin
were observed in the
chloroplast
stroma, and the hitherto
disorganized grana fretwork
developed further.
The relationship
between K+ fluxes and stomatal movements has been investigated
by a number of authors
including
Humble and Raschke
(1971), Laffray et al. (1982), Sawhney and
Zelitch
(1969), Tal et al.,(1976)
and Willmer et
al. (1983), mostly using freeze-dried
specimens.
While the earlier
reports
(Humble and Raschke,
1971; Sawhney and Zelitch,
1969) presented
evidence to suggist
there was a linear
relationship
between the K content of the guard cells and
stomatal
aperture,
a recent report by Laffray et
al. (1982) challenged
this view. Using paradermal leaf sections,
rather
than epidermal
strips,
and after
a careful
consideration
of their

Specimen

Preparation

The preparation
of higher plant specimens
for x-ray microanalysis
has been widely reviewed
(Harvey, 1980; Lauchli,
1972; Marshall,
1980;
Van Steveninck
and Van Steveninck,
1978). When
the elements to be studied are totally
present
in water-insoluble
inorganic
or organic compounds, conventional
chemical fixation
and dehydration
methods may be used (e.g. Callow and
Evans, 1976; Sharpe and Denny, 1976); when they
are present,
even partially,
as water-soluble
ions or molecules,
the choice of technique
is
more difficult
(Hall, 1979).
The validity
of various preparative
methods
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has often been assessed
in the light
of two
criteria
(Harvey et al.,
1976b): 1. the prevention of element migration
during tissue
preparation, 2. the adequate preservation
of cellular
structures.
However, the application
of these
criteria
must now be refined
to take account of
their interdependence.
In particular,
the second
criterion
should now encompass measurements of
the rate of fixation
and the maintenance
of
chemical integrity
(e.g.,
retention
of membrane
lipids
in specimens during preparation,
maintenance of protein
configurations)
as well as visual assessments
(Harvey, 1982). Due to the heterogeneous nature of biological
material,
the
criterion
that a preparation
technique
should
also reproducibly
provide sufficient
samples to
characterize
a tissue must now also be imposed
(Chandler and Battersby,
1979).
·

Figure

1. Major Techniques

Preservation
structures

of cell

for

the Localization

Preservation
distributions

freeze-substitution
(low contrast,
chem(possible)
ically
debatable)
--------

1979). To date it has not been possible
to produce frozen hydrated
sections
suitable
for
transmission
or scanning transmission
x-ray
microanalysis
from highly vacuolate
plant tissues, although
such sections
have been produced
once for meristematic
pea root cells
(Saubermann and Echlin,
1975). Weibull et al.
(1984) showed that 95% of lipids
can be retained in tissues
during freeze-substitution.
Ross
et al. (1982) investigated
morphological-chemical interrelationships
in freeze-substituted
Lycopersicon
esculentum
leaf sections
using ion
microscopy and concluded that, within the 1 Jllil
resolution
of their
technique,
freeze-substitution was a valid preparation
for studying
the
relationships
between morphology and ion contents.
Although freeze-substitution
is a relatively well investigated
technique
for the prep-

of Water-soluble
Plant Cells

of ion

Substances

►

x-ray microanalysis
ambient temperature

freeze-drying
(low contrast,
chem(possible,
not
ically
debatable)
often investigated)

f

frozen hydrated
(low contrast,
sections may be difficult to produce)

specimens
(possible,
not
often investigated)

x-ray
using

The major ion localization
techniques
applicable
to both lower and higher plants are
shown in Figure 1, together
with their validities in the light of the foregoing
criteria.
Generally,
only ion losses from tissue
segments can
be measured as an indication
of ion migration
during preparation,
although
comparisons
of results from more than one localization
technique
and those from biochemical
and physiological
investigations
should always be made. Gielink et
al. (1966), Harvey et al. (1976b), Liuchli
et
ali (1i10),+and
¥in Zyl et_al.
(1976) measured
Na, K, Rb, Ca , and Cl losses from plant
tissue
segments during freeze-substitution,
and
found that they were less than 5%. The principles underlying
the various methods also shed
light on the likelihood
of ion redistribution
during preparation.
It is difficult
to envisage
how the deposition
of ions from evacuated
spaces
onto the nearest
membrane or support can be avoided during freeze-drying.
The main problems
with frozen hydrated
specimens arise from the
possibility
of thawing during the production
and
analysis
of sections
(Frederik
and Busing, 1981
cf Saubermann et al. 1977) and in the production
of sufficient
samples (Chandler and Battersby,

an.d Lower

Notes

Detection

_____.

in both Higher

microanalysis
a cold stage

at

more investigations
comparing results
with
[ those from other
techniques
required

aration
of plant samples,
freeze-drying
and the
production
and analysis
of frozen hydrated
specimens are not.
Analysis

and Interpretation

of Results

Perhaps the greatest
specifically
botanical analytical
problem arises
from the wish to
determine
the contents
of the cytoplasm and organelles
therein
in mature plant cells
(where
the central
vacuole can occupy up to 99% of the
cell volume) using bulk specimens (i.e.,
those
not co~pletely
penetrated
by the electron
beam). When it is necessary
to examine ion
distributions
within cytoplasmic
compartments
thin (~ 200 nm) sections
are generally
required
for transmission
x-ray microanalysis,
although
thicker
(~ 1-2 )llil) sections
for scanning transmission x-ray microanalysis
are sometimes suitable, depending on the sizes of the compartments to be analysed.
Bulk specimens for scanning x-ray microanalysis
are usually
only satisfactory
for the study of elemental
distributions in whole cells or sometimes within the
large central
vacuoles.
Both the spatial
resolution
of analysis
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and the minimum detectable
amount of a particular element are determined
to some extent by the
nature of the specimen (density,
thickness)
as
well as by the energies
required
to excite atoms
within the specimen and the energy of the beam
electrons
(Van Steveninck
and Van Steveninck,
1978). Spatial
resolution
depends on the volume
contributing
to the analysis
by the interaction
between beam electrons
and specimen atoms: as
the electrons
interact
they lose energy and are
scattered
in the specimen (Andersen,
1967). Using thin sections
and high accelerating
voltages
(~ 30 kV) this scattering
is negligible
before
the electrons
pass through the section
and the
analysed
volume is therefore
approximately
equal
to the multiple
of the section
thickness
and
probe diameter
(Hall, 1979), with thicker
sections it is somewhat dependent on section
thickness.
In bulk specimens spatial
resolution
depends on the degree of scatter
of electrons
before they lose sufficient
energy to cause excitation,
and should therefore
be improved by the
use of low accelerating
voltages
(Andersen,
1967), although
the volumes contributing
to the
analysis
will be different
for different
elements. In bulk specimens unseen structures
below
the specimen surface
can therefore
contribute
to
the analysis
so that such specimens are only
suitable
where the volumes of the compartments
to be analysed
are significantly
greater
than
the analysed
volumes.
Over-optimistic
and unrealistic
analyses
of
"cytoplasmic"
compartments
can be avoided by approximate
calculations
of the depth resolution
(R) and lateral
resolution
(R) according
to
thg equations
presented
by Ech1in et al. (1981):
R = 0.0231
1

E 1.5 - E 1.5
C

0

(Reed,

1975)

a single mean value to describe
the data would
be invalid.
Where the relationships
between elemental concentrations
within a specified
compartment
(e.g.,
ratio
of K to Na in the cytoplasm) or between different
compartments
(e.g.,
ratio of Na in the cytoplasm to that in the
vacuole) are important,
they should be calculated for each analysis,
rather
than from mean
concentrations.
This avoids tne risk of obscuring the relationships
by the pooling of results
derived from potentially
different
cell types
(Harvey et al.,
1986).
Conclusions
X-ray microanalysis
is now a well established tool in botanical
research,
and in the
future it will probably be joined by electron
energy loss spectroscopy
(EELS) (Adamson-Sharpe
and Ottensmeyer,
1981; Ottensmeyer,
1984) and
proton microprobe analysis
(Grime et al.,
1985;
Mazzolini et al.,
1983). It is to be hoped that
the increase
in available
technology
will be
accompanied by an increase
in the quality
of
the investigations
using it, particularly
as
regards specimen preparation,
understanding
the
limitations
of the techniques
and technology,
and the interpretation
of results.
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RFM, Van Steveninck
ME, Stelzer
R, Lauchli A. (1982b) Variations
in vacuolar
solutes
of Lupinus luteus L. shown by electron
probe x-ray microanalysis.
Zeit.
Pflanzenphysiol.
1.Ql:91-95.

Yeo, AR, Lauchli A, Kramer D. (1977a)
urements in unfixed,
frozen,
hydrated
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Diana M. R. Harvey
cells of species
Planta fil:35-38.

differing

in salt

balance

tolerance.

Yeo AR, Lauchli A, Kramer D, Gullasch J.
Ion distribution
in salt-stressed
mature
mays roots in relation
to ultrastructure
tention
of sodium. J. Exp. Bot. 28:17-29.

cells

open.

J.N.A. Lott:
Where you have a large aqueous
vacuole containing
some salts
and you prepare
it by freeze-drying
it is inevitable
that the
elements
cannot remain suspended in space and
will thus concentrate
near the tonoplast
membrane. However, in a recently
imbibed seed, the
conditions
are very different
since there is an
organic matrix filling
the vacuole.
The very
dense mineral storage
globoids
are surrounded
by a tightly
packed mass of storage
protein.
Are you aware of evidence
to indicate
that
there is major migration
of elements during the
freeze-drying
of relatively
solid organic objects like protein
bodies?
Author: I am not aware of any evidence
to indicate whether or not the elemental
composition
or structure
of such crystals
would be affected
by freeze-drying.

(1977b)
Zea
and re-

Young DN, Howard BM, Fenical
W. (1980) Subcellular localization
of brominated
secondary metabolites
in the red alga Laurencia
snyderae.
J.
Phycol.
(quoted in Pedersen et al.,
1980).
Discussion

in individual

with Reviewers

D.C. Sigee:
Does the author feel that the general information
obtained
by x-ray microanalytical studies
on plant cells
is corroborated
by
data using other techniquessuch as electropotential
measurements
and atomic absorption
spectrophotometry?
Author:
In the oresent
review and in a previous
~ salinity
tolerance
(Harvey, 1983), I have
presented
such evidence from other techniques
as
I am aware of. It is difficult
to give a general
answer to the question:
much depends on the validity
of the preparation
technique
employed for
the x-ray rnicroanalytical
study,
the ability
to
produce quantitative
data, and the applicability
of other methodology.
Much more attention
deserves to be paid to the question
of oroviding
supporting
evidence for x-ray microanalytical
data,
both from direct
measureu.ents,
such as the ones
you mention,
and from physiological
studies.

G.M. Roomans:
You evidently
prefer
sections
of
freeze-substituted
tissue
to freeze-dried
cryosections
in x-ray microanalysis
of ion distributions
in plants
cells,
on the grounds of redistribution
during freeze-drying.
In my opinion, in a 0.1-0.2 J1lilcryosection,
the displacement of ions during freeze-drying
is maximally
in the order of magnitude of the section
thickness, since ions in the vacuole will precipitate
on top of the supporting
film rather
than migrate to the tonoplast.
Do you have evidence
that movement of ions in freeze-subs~ituted
plant tissue
is less than 0.1-0.2 J1lil?
Author:
The question
of ion movements within
vacuoles
is very difficult
to resolve,
since an
answer requires
that we already know their
distributions.
In the absence of a matrix or other
special
conditions
within the vacuole,
we might
assume freely
diffusible
ions to be homogeneously distributed
in the bulk of the vacuole,
at least
away from the tonoplast.
In our
freeze-substituted
sections,
we do not see significant
inhomogeneity
in ion distributions
measured by spot analyses
within a single
vacuole. However, we have not studied
this systematically
and often we cannot make more than one
measurement
within a single vacuole.
As far as
I know, this question
has not been systematically examined for either
freeze-substituted
or
freeze-dried
specimens.
My objection
to freezedried cryosections
on the grounds of ion migration
is based on the fact that one has ions
in a void, without the benefit
of any supporting matrix (in the absence of an endogenous
matrix within the vacuole)
and therefore
directly subject
to the effects
of gravity.
Your
assumption
is that the ions will precipitate
onto the underlying
supporting
membrane; my objection
is that they are free to precipitate
and move according
to the orientation
of the
section.
For your assumption
to hold, the section would have to be maintained
in a very
strictly
horizontal
position
throughout
sectioning and transfer
to the microscope.
However,
my objections
to freeze-dried
cryosections
are
not based solely on the matter of ion redistribution:
cryosections
are not always easy to
produce in sufficient
numbers to characterize

D.C. Sigee:
In salt-tolerant
plants,
the cell
vacuole is cited as the organelle
of major importance,
yet chloroplasts
also have high levels
of ions. 'llhat is the relationship
between these
two parts of the cell in this situation,
and is
there any ionic interchange?
Author:
The vacuole is extre~ely
iu.portant
in
seauestering
ions away from, principally,
the
cytoplasm,
since in mature halophyte
leaf cells,
it may occupy over 90~ of the cell volume. The
percentage
of t~e cell volume occupied by the
;hloroplasts
is much less (~ 13% in~
maritima) (Hajibagheri,
Hall, Flowers,
J. Exp. Bot.
35:1547-1557
(1984)) and in this sense they contribute
less to the exclusion
of ions from the
cytoplasm.
Retention
of ions within the vacuole
presumably helps to regulate
ion concentrations
within the chloroplasts.
However, certain
asoects of the biochemistry
of chloroplasts
appear to be more tolerant
of NaCl in vitro
than
many cytoplasmic
enzymes (Hajibagheri
et al.,
1984), and sodium ions exchange only very slowly from the vacuoles
of leaf cells
of saltgrown Suaeda maritima
(Yeo, J. Exp. Bot. 128:
487-497 (1981)).
D.C. Sigee:
In salt-tolerant
plants
such as
Suaeda monoica, where differences
in the levels
of Na and Cl- are apparent
in different
tissues, is there an imbalance between inorganic
anions and cations
within individual
cells?
Author:
Eshel and Waisel (1979) did not measure other elements in the cells
of Suaeda
monoica that they analysed;
they leftthe
question of the other ions providing
electrical

972

Microanalysis
heterogeneous

biological

material.

G,M, Roomans:
Do you have any data about the
typical
size of ice crystals
in vacuoles
of
plant cells
prepared
for x-ray microanalysis
by
freeze-substitution?
Author:
No, the size of ice crystals
will depend most significantly
on the initial
freezing
process.
The initial
formation
of ice crystals
will depend on the temperature
difference
between
the specimen and the coolant
and, to some extent,
on the spatial
position
of the cell within the
sample and the chemical composition
of the vacuole, Any expansion
of ice crystals
during substitution
will depend on the regime employed, Expansion should be minimized by substitution
at
the lowest possible
temperatures.

G,M. Roomans:

Could you co=ent
on the use of
(high molecular
weight) cryoprotectants
in freezing plant
tissue
for x-ray microanalysis?
Author:
Logically,
the only acceptable
form of
cryoprotection
would involve
the use of non-penetrating
cryoprotectants.
High molecular
weight
cryoprotectants,
such as dextran
and polyvinylpyrrolidone,
have been suggested
to act in this
way (Franks,
Asquith,
Hammond, Skaer and Echlin,
J, Microsc,
110:223-238
(1977)).
However, Wilson
and Robards
Microsc. ~:287-298
(1981)) found
that there was very little,
if any, improvement
in the reduction
of ice crystals
in roots of
Hordeum vulgare
and Lemna minor following
treatment with polyvinylpyrrolidone,
They also found
that even short exposure
to this cryoprotectant
resulted
in the rapid withdrawal
of water from
the vacuolated
cells,
causing shrinkage
and collapse.
The advisability
of using high molecular
weight cryoprotectants
is clearly
still
debatable.

V.

J.N.A. Lott:
A relevant
paper on seeds from
halophytes
is:
M.A. Khan, D.J. Weber, W.M. Hess
(1985).
Elemental distribution
in seeds of the
halophytes
Salicornia
pacifica
var. utahensis
and
Al"tiplex canescens,
Am. J. Botany, 72, 1672-1675.
Author:
Thank you.
-
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